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Ultrasonic equivalent flaw s~z~ng is a method in which the size, 
shape, and orientation of a flaw is determined in terms of a best-fit 
simple shape, such as an ellipsoid (for volumetric flaws) or an ellipse 
(for cracks). Previous equivalent flaw sizing methods have used the Born 
[1] or Kirchhoff [2] approximations in conjunction with non-linear 
optimization procedures. More recently, Chiou and Schmerr [3] have shown 
how the non-linear optimization problem in equivalent sizing can be 
reduced to a simpler linear least squaresjeigenvalue problem. 
One of the crucial steps in the equivalent flaw sizing approach is 
to determine the absolute phase of the measured ultrasonic response with 
respect to some fixed spatial location or, equivalently, to determine the 
origin of the ultrasonic time response with respect to a fixed point. 
This "zero-of-time" problem is the single remaining part of equivalent 
flaw sizing methods that does not have a completely satisfactory 
solution. Chaloner and Bond [4] discuss some of the approaches that have 
been previously used for this problem 
Here, we will describe a new equivalent flaw s~z~ng method that 
provides an alternative solution to the zero-of-time problem and extends 
equivalent sizing methods to a wider range of flaw sizes. Specifically, 
we consider a time-of-flight equivalent (TOFE) sizing method that can 
size relatively large flaws by locating the zero-of-time with respect to 
the transducer and making simple time-of-flight measurements at a number 
of different transducer locations and orientations. We will demonstrate 
the performance of the TOFE sizing method on both synthetic and 
experimental data. 
TlME-OF-FLlGHT EQUlVALENT SIZING 
Figure 1 shows a typical immersion ultrasonic set-up and an 
"equivalent" flaw, assumed ellipsoidal in shape, whose centroid is 
located at ~c. From that figure we see that 
where xl is the location of the entrance point for the center of the 
( 1 ) 
beam of sound into the second material for the jth measurement. The unit 
vector n~ is parallel to the wave propagation direction in the second 
medium for the jth measurement and H~ is the distance from the entrance 
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point to the tangent plane of the flaw for the jth measurement. Finally, 
r~ is the equivalent radius of the flaw (distance from the centroid to 
the tangent plane) for the jth measurement. 
From an A-scan response, a time-of-flight measurement to the 
interface ( 6T\ = 2H\lC,) can be made for each transducer position and 
orientation and the corresponding time-of-flight to the flaw in the 
second medium (6 T~ = 2H~/C2) also measured. Then, since the transducer 
position, Xt, and orientation, ~~, are both known, xl in eq. (1) can be 
calculated by 
(2) 
and ~1 can be determined through Snell's law. Thus, all the quantities 
in eq. (1) are known except the flaw centroid, ~c' and the equivalent 
radius, r!, at each measurement. However, Chiou and Schmerr [3] have 
shown that r~ can be written in terms of a symmetrie matrix C and the 
unit vector ~1 as 
Placing equation (3) into equation (1), we can then show that 
where F j is a linear function of the six matrix elements of C and a 
quadratic function of the flaw centroid coordinates, ~c. Thus, a 
non-linear least squares procedure can be used to estimate these nine 
unknowns by performing N measurements and then minimizing the quantity 
j ~l [ F j ( ~ c' ? ' ~; , ~ ~ , H b ) ] 2 
(3) 
(4) 
(5) 
Once the C parameters are obtained in this manner, the solution of 
the eigenvalue problem 
C-,,-I=O (6) 
then yields the best-fit ellipsoid and its orientation since, as Chiou 
and Schmerr [3] have shown, the eigenvalues of ~ are just the squares of 
the three principal ellipsoidal axes (a 2 , b 2 , c 2 ) and the corresponding 
eigenvectors are the three unit vectors along these axes. Although 
minimizing I in eq. (5) is a non-linear optimization problem, since the 
non-linearity in F j is at most quadratic in form this optimization 
problem should not be difficult to solve, a feature of this method that 
has been verified in practice. 
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Note that the method also yields an estimate for the flaw centroid 
location, ~c. Thus, the TOFE sizing method does not require an apriori 
estimate of this location and hence does not suffer from the zero-of-time 
problem [4]. However, since the TOFE sizing method uses time-of-flight 
measurements to estimate the distance parameters appearing in eqs. (2), 
(4), it is essential that the wavespeed in all the materials be 
determined accurately or the TOFE sizing method will produce unacceptably 
large errors. For example, if there is an error öC in the measurement 
of the wavespeed over a path length H (H = Hl or H2) then there will be 
an error in the estimation of the flaw surface location given by 
f..H (f..c/c)H (7) 
If the wavespeed were only known to within, say, 2% over a 2 inch (25.4 
mm) path in steel, öHwould be approximately 1 mm. Because of this 
fact, we can say that TOFE will typically work only for "relatively 
large" flaws. The precise meaning of "relatively large", of course, is a 
function of how accurately the wavespeeds are known and the path lengths 
involved in a particular problem. 
Initial testing with synthetic data 
For the initial test of the TOFE method, "exact" synthetic data was 
generated for known flaws immersed in a single medium using 19 simulated 
time-of-flight measurements over a one-sided scanning aperture angle of 
120 degrees. In this case the algorithm simplifies considerably since we 
can take xl=xt (Fig. 1). Four different flaw shapes were considered: a 
round ellipsoid, a pancake-like flat ellipsoid, a circular crack, and an 
elliptical crack, all which have the same location and the same 
orientation but different sizes. For all flaws the best-fit flaw 
parameters were determined by the TOFE sizing algorithm using the same 
set of initial guesses of the flaw centroid location (xcx = 0.0, Xcy = 
0.0, xcz = 0.0) and the C parameters (Cxx = 10.?, Cyy = 10.0, Czz = 10.0, 
Cxy = 10.0, Cxz = 10.0, Cyz = 10.0). As shown ~n Table 1, the TOF method 
gave the "exact" results (flaw centroid location, size, and orientation) 
with only 7-16 iterations. Using different sets of initial guesses 
produced the same results with only slight variations in the number of 
iterations. Thus, the TOFE sizing method is essentially insensitive to 
the choice of initial guesses, as expected from the quadratic 
nonlinearity of Eq. (4). 
As mentioned previously, one of the important parameters in 
equivalent sizing using the TOFE sizing scheme is the ultrasonic velocity 
in the material, since this is an essential factor for converting the 
time-of-flight from the transducer to the tangent plane to the 
corresponding distance, H. Thus the wave velocity in the material should 
be known apriori for application of the TOFE sizing method. This 
information is usually available from other independent experiments. 
Table 1. Testing of the TOFE sizing method on exact synthetic data. 
(units: mm) 
shape major 
a 
Ellipsoid 
round 20 
pancake 10 
Crack 
circular 10 
elliptical 10 
axis 
b 
25 
5 
10 
5 
length 
c 
30 
0.5 
0 
0 
ff cif iterations 
16 
9 
7 
8 
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Medium 1 
beam 
entrance 
point 
Medium 2 
Fig. 1. Geometry for equiva1ent f1aw sizing via the TOFE sizing method 
in an immersion testing set-up. 
Tab1e 2. Testing of the TOFE s~z~ng method on synthetic data with 
systematic error in wavespeed of 2%. 
(unit : mm) 
Two-side Scan One-side Scan 
Actua1 (ellipsoid) (ellipsoid) (sphere) 
Location 
x 3 . 0 3 . 0 2 . 9 3 . 0 
Y 5 . 0 5.0 4.7 5 . 0 
z -6.0 -6.8 -45.9 -l. 9 
Size 
a 20.0 19.3 28 . 9 
b 25.0 3l. 3 44 . 4 25.6 
c 30 . 0 30.8 70.0 
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To investigate the effe ct of error in velocity information on the 
TOFE sizing result, a systematic error was introduced into the synthe tic 
data by increasing the wavespeed in the y-direction by 2%. Then the TOFE 
method was applied to the resulting synthetic data for the round 
ellipsoid in Table 1 using the same initial guesses as those used 
previously. The sizing results are shown in Table 2. In the case of 
one-sided scanning (where we used the same measurement points and the 
transducer look-angles as those used in the case of error free synthe tic 
data) , the best-fit ellipsoid turned out to be an ellipsoid greatly 
expanded along both the y and z coordinates as shown in the first di agr am 
of Figure 2. Clearly, this result is not acceptable and comes from the 
fact that the TOFE algorithm has a relatively large number (9) of degree s 
of freedom. Thus, while the expanded ellipsoid matches the data points 
very nicely within the aperture angle of the scanning plan , its overa ll 
shape is grossly in error (Figure 2). 
To overcome this difficulty, two kinds of alternatives were 
considered. The first alternative was to keep one-sided scanning but 
instead fit the data to the best-fit equivalent sphere. Since the sphe r e 
has only 4 independent variables (3 centroid locations and 1 size 
parameter) this presumably would stabilize the algorithm. As s hown in 
Table 2 and Figure 2, the best-fit sphere does indeed match the origina l 
round ellipsoid quite weIl in this particular case . Unfortunately, in 
the use of the best-fit sphere assumption, we lose some of the detail in 
the shape determination . 
The second approach was to employ two-sided scanning where some of 
the data is taken from the "back" side of a flaw as shown in the last 
diagram in Figure 2. For the synthetic data set mentioned above, the 
two-sided scanning data were simulated by simply locating the transducer 
at the other side of the flaw and changing the transducer look-angle 
properly. Only 6 data were taken from the "back" side of the flaw with 
an aperture angle of 120 degrees, and 23 data were taken from the "front " 
side of the flaw within an aperture angle of 90 degrees. As shown in 
Table 2 and Figure 2, this resulted in a best-fit ellipsoid expanded only 
along the y-coordinate as expected . It should be pointed out that we 
have found that even a single data point from the "back" side of a fl aw 
can stabilize the TOFE method for sizing volumetrie flaws . Another 
One . Side S can 
Ellipsoid Sphere 
Two . S ide Scan 
Elli psoid 
c 
Fig. 2 . Test of the TOFE slzlng method using synthetic data with a 
systematic error ("x" denotes the measured locations of the 
flaw surface) actual shapes: shaded figures, reconstructed 
shapes: open figures. (a) reconstruction with ellips oidal fit 
in one-sided scanning, (b) reconstruction with spherical fit in 
one-sided scanning, (c) reconstruction with ellipsoidal fit in 
one-sided scanning. 
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interesting result that we discovered with the TOFE algorithm was that 
for cracks, the fact that one of the dimensions of the best-fit ellipsoid 
is zero (and the center of the flaw is thus constrained to be in the 
plane of the crack) also stabilized the algorithm, like the sphere 
assumption, even with only one-sided scanning. 
The TOFE sizing method has also been verified experimentally for the 
immersion testing of both composites and welds. In those cases the full 
two medium formulation described above was used. Because of space 
limitations, those results will not be given here. However, full details 
of those tests have been submitted for publication [5] and are available 
from the authors. 
CONCLUSIONS 
A new time-of-flight equivalent flaw s~z~ng method has been 
developed and tested. For relatively large flaws the method has proven 
to be both robust and efficient. As mentioned previously, in any given 
measurement set-up there will be a lower limit to the size of flaw that 
can be handled by TOFE. For flaws that are smaller than this lower 
limit, alternate methods must be found to solve the zero-of-time problem 
and obtain the necessary equivalent radius data. Recently, we have also 
developed some new methods that do work for "small" flaws where TOFE will 
fail. [6] Thus, equivalent flaw sizing is a viable technique that can 
treat flaws over a wide range of sizes. 
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